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Sialidase activity varies widely among strains and tends to correlate with strain virulence in the avian
pathogen Mycoplasma synoviae. To characterize the forms of selection acting on enzymes required for sialic acid
scavenging and catabolism, the ratios of nonsynonymous (K,) to synonymous (K,) mutation frequency were
calculated for codons in the sialidase gene of 16 strains of M. synoviae and for its nearly identical homolog in
four strains of Mycoplasma gallisepticum. The K, /K, (») values for the linked genes required for nutritive
N-acetylneuraminate catabolism (nanA, nagC, nanE, nagA, and nagB) from nine strains of M. synoviae were also
determined. To provide context, & was determined for all corresponding genes of 26 strains of Clostridium
perfringens and Streptococcus pneumoniae. Bayesian models of sequence evolution showed that only the sialidase
of M. synoviae was under significant (P < 0.001) diversifying selection, while the M. synoviae genes for
N-acetylneuraminate catabolism and all genes examined from M. gallisepticum, C. perfringens, and S. pneu-
moniae were under neutral to stabilizing selection. Diversifying selection acting on the sialidase of M. synoviae,
but not on the sialidase of M. gallisepticum or the sialidases or other enzymes essential for sialic acid scavenging
in other Firmicutes, is evidence that variation in specific activity of the enzyme is perpetuated by a nonnutritive

function in M. synoviae that is influenced by the genomic context of the organism.

Mycoplasma synoviae and Mycoplasma gallisepticum are ma-
jor pathogens of commercial poultry and are each indepen-
dently associated with respiratory, reproductive, and joint dis-
eases. The severity of clinical signs of mycoplasmosis ranges
from unapparent to severe and is often influenced by the pres-
ence of secondary pathogens during infection. Numerous as-
pects of M. gallisepticum pathogenesis have been studied ex-
tensively, including primary (11, 34) and secondary (16, 23, 27)
mechanisms for cytadherence, antigenic variation (23, 31), and
enzymatic or metabolic factors (2, 12, 17) that contribute to its
virulence.

The basis for virulence of M. synoviae is far less character-
ized (22). The best-understood contributing factor is a multi-
gene system encoding variable lipoprotein hemagglutinins
(vIhA genes), which are thought to constitute the primary
mechanism of M. synoviae cytadherence to sialylated host cell
receptors. Antigenic variation results from site-specific recom-
bination among a large assemblage of vihA pseudogenes
present in a single 69-kb locus. Allele switching driven in vivo
by the selective pressure of anti-VIhA antibodies is a proposed
mechanism for M. synoviae to evade the adaptive immune
system of the host (31, 32). In contrast, independently tran-
scribed vihA genes are distributed in several discrete clusters
throughout the M. gallisepticum genome, and these are of sec-
ondary importance to the principal adhesin gene, gapA, and its
accessory protein gene, crmA, in mediating adherence to sia-
lylated receptors (34).
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Adjacent to the vihA locus, an M. synoviae gene encodes a
cell-associated sialidase that displays essentially continuous
quantitative variation in specific activity among strains. A
nearly identical homolog (consensus 94.5% amino acid identity
and 96.5% amino acid similarity) exists in M. gallisepticum,
even though M. gallisepticum does not possess the enzymes that
M. synoviae does for catabolizing liberated sialic acid (N-acetyl-
neuraminate) for glycolysis. Because receptor desialylation re-
duces or abolishes cytadherence by both M. synoviae and M.
gallisepticum, a balance between variable sialidase activity and
avidity of adherence to sialylated receptors is predictable (25),
but the selective pressures responsible for the observed corre-
lation of sialidase activity with M. synoviae strain virulence
remain unknown (3, 4, 26).

The rates of nonsynonymous (amino acid-altering; K, or dN
[15]) and synonymous (silent; K, or dS) mutations within a
gene can reveal the forms of selective pressure acting on the
corresponding protein among strains or species (33). A K, /K,
(w) value of ~1 implies that the gene is not under strong
selection of any type, while an w value of <1 indicates that the
gene is under stabilizing selection that removes divergent
forms from a population. In rare instances, » is >1, which
indicates that the gene is under diversifying selection, and
suggests that the species is at its fittest when substantial se-
quence diversity is perpetuated among strains (28, 46). We
examined the sialidases of M. synoviae and M. gallisepticum and
linked genes required for N-acetylneuraminate catabolism by
M. synoviae for evidence of selection that might help to eluci-
date their roles in the ecology and virulence of these species.

MATERIALS AND METHODS

Strains and culture conditions. M. synoviae strains K3344, K4907A, K5395B
(referred to as K5599A in a preliminary report [26]), FMT, MS117, MS173,
MS178, and WVU1853" were cultured in modified Frey’s medium including 1%
(wt/vol) glucose, 15% (vol/vol) porcine serum, 0.05% (wt/vol) L-cysteine, and
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0.05% (wt/vol) NAD as previously described (26). M. gallisepticum strains F,
JR-67, R, and S6 were cultured in American Type Culture Collection medium
988 (SP-4) containing 0.5% (wt/vol) glucose and 15% (vol/vol) fetal bovine
serum at 37°C in 5% (vol/vol) CO, without agitation.

Amplification and nucleotide sequencing. Genomic DNA was extracted from
all strains of M. synoviae and M. gallisepticum using EasyDNA reagents according
to the manufacturer’s specifications (Invitrogen, Carlsbad, CA). Amplification
and sequencing of the sialidase and N-acetylneuraminate catabolism locus of M.
synoviae were described previously (25). Amplification of the sialidase gene from
M. gallisepticum strains was performed by initial denaturation at 94°C followed by
30 cycles at 94°C (20 s), 50°C (20 s), and 72°C (3 min). A 10-min final extension
was performed at 72°C. Forward (5'-TCA GAT CAT TAA ACT AGC GCC
TAA-3') and reverse (5'-CGC ATG ATA CGA TAA CGA AAT G-3') primers
and Expand High Fidelity PCR reagents (Roche Applied Sciences, Indianapolis,
IN) were used. All amplicons were sequenced by primer walking using four-dye
fluorescent dideoxy labeling methods. Sequence reads were assembled into con-
tigs using Sequencher 4.7 (Gene Codes, Ann Arbor, MI).

Selection analyses. Natural variation in the sialidase genes from the eight
strains of M. synoviae that we sequenced, plus eight others in GenBank (see
Table S1 in the supplemental material), was analyzed using Bayesian models of
sequence evolution in the Selecton v2.4 software suite (38). Separate analyses of
the aligned sequences were performed using the M8 model (45) and the mech-
anistic-empirical combined (MEC) model (10). Briefly, M8 is a mechanistic
model that uses maximum likelihood methods accounting for factors such as
different probabilities for transitions and transversions, codon bias, and among-
site rate variation to estimate the proportion of codons with w values of <1 (the
beta distribution p,) and the proportion with w values of =1 (w). Sites in the p,
category reflect stabilizing selection, and sites in the w, category reflect either
neutral or diversifying selection. This allows site-specific as well as global infer-
ences about the forms of selection acting on the protein. The MEC model further
accounts for differing empirical amino acid mutation probabilities; a position
with physicochemically radical amino acid changes in polarity or charge is as-
signed a higher site-specific K, value than a position with less extreme mutations.
Compared to the more conservative M8 model, a smaller proportion of sites with
w values substantially greater than 1 may be sufficient for the MEC model to
indicate diversifying selection despite a low global w value for the protein.

To focus specifically on the catalytic residues of the enzyme (8, 19), nucleotide
sequences bearing (i) the signature Trp-Arg-Ile-Pro motif, (ii) Args;, Aspe,
Aspgg, and Glu,z, equivalents (numbering of the Clostridium perfringens siali-
dase Nanl [GenBank accession no. P10481]), and (iii) the signature “Asp box”
(Ser/Thr-X-Asp-X-Gly-X-Thr-Trp/Phe) motifs were concatemerized in silico
and analyzed using the M8 and MEC models. The M8 model was also used to
analyze the M. synoviae sialidase gene homologs in M. gallisepticum strains F,
JR-67, R, and S6 (GenBank accession no. FJ659840 to FJ659843) as well as the
genes encoding the canonical N-acetylneuraminate catabolism pathway (N-
acetylneuraminate lyase gene nanA, N-acetylmannosamine kinase gene nagC,
N-acetylmannosamine-6-phosphate epimerase gene nankE, N-acetylglucosamine-
6-phosphate deacetylase gene nagA, and glucosamine-6-phosphate deaminase
gene nagB) from the eight M. synoviae strains we sequenced plus strain 53 (42).
For context, the orthologous sialidase gene and genes of the N-acetylneurami-
nate catabolism pathway from 11 strains of C. perfringens and 15 strains of
Streptococcus pneumoniae (see Table S1 in the supplemental material) were
analyzed in a similar manner.

Statistical procedures. The statistical significance of global selection on each
protein was determined by using the Selecton software to perform a likelihood
ratio test for the M8 model and a null model (M8a) that infers neutral or
stabilizing selection based on deviations from a fixed w, value of 1. In the absence
of diversifying selection, the difference between the likelihood scores generated
by the M8 and M8a models follows a x? distribution (39). Significant deviations
from that distribution thus indicate diversifying selection. Within each gene,
confidence intervals from 5% to 95% were determined from the observed dis-
tribution of w for each codon. For sites with an o of >1, if the lower bound of
the confidence interval was also >1, then the inference of diversifying selection
at the site was considered to be meaningful (38).

Topological projections. The 16 primary amino acid sequences for M. synoviae
sialidase were aligned with the primary sequence of the orthologous C. perfrin-
gens sialidase catalytic domain (GenBank accession no. 2BF6_A [8]) using
CLUSTALW v1.82 and then projected onto the three-dimensional crystal struc-
ture of the domain (Protein Data Bank no. 2BF6 [29]) using FirstGlance v1.42
(http://firstglance.jmol.org) and ConSurf v3.0 (http://consurf.tau.ac.il) software
(21). The o value for each aligned M. synoviae residue was depicted with the
ratios color coded on a seven-step scale, using the Java chemical structure viewer
Jmol (http://www.jmol.org).
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RESULTS

Global selection. Diversifying selection on average over all
codons in the sialidase gene from M. synoviae was inferred
using both the M8 (P < 0.001) and MEC models (Akaike
information criterion score << M8a [7]). Across 16 strains of M.
synoviae, 59 sialidase residues (=6% of the protein) had an w
of >3 in the M8 model (Fig. 1A). In striking contrast, there
was no evidence of diversifying selection acting on the homol-
ogous sialidase gene from M. gallisepticumn (P > 0.05), which
had only three codons with o values as high as 1.5 in the M8
model and the majority being far less than 0.5 in both M8 and
MEC models. Each of the enzymes constituting the pathway
for N-acetylneuraminate catabolism by M. synoviae was also
inferred to be under neutral or stabilizing selection (P > 0.05
in the M8 model) (Fig. 1B). None of the orthologous se-
quences from 26 strains of C. perfringens and S. pneumoniae
showed any evidence of diversifying selection (P > 0.05 in the
M8 model), and most were inferred to be under stabilizing
selection with a global w far less than 1 in both M8 and MEC
models (Fig. 1).

Selection on individual residues. The w values for individual
codons within certain protein-coding sequences suggested that
specific residues may be selected individually regardless of the
form of selection governing the sequence globally. For exam-
ple, the M8 model estimated that M. synoviae sialidase, in-
ferred to be under diversifying selection globally, had only 22
residues with an o confidence interval lower bound of >1. The
S. pneumoniae sialidase, inferred to be under stabilizing selec-
tion globally, also had 17 such residues in the M8 model,
although none of those were aligned with the selected residues
in M. synoviae. The nanE genes of M. synoviae and C. perfrin-
gens each had 6 residues with an w confidence interval lower
bound of >1, although none were at equivalent aligned posi-
tions. No other gene had more than three such residues in the
M8 model, and for all genes, the MEC model actually detected
fewer residues with an o confidence interval lower bound of
>1 than the M8 model did. Conversely, two synonymous mu-
tations were the only variations evident in the nucleotide se-
quences encoding the catalytic motifs of M. synoviae sialidase,
and thus, those motifs were inferred to be under strong stabi-
lizing selection when analyzed using either the M8 or MEC
model (see Fig. S1 in the supplemental material).

Topological mapping of selected residues. The 450 M. syno-
viae sialidase residues (=~48% of the protein) that were
mapped onto the three-dimensional structure of the C. perfrin-
gens sialidase catalytic domain included 13 of the 22 individual
residues inferred to be under diversifying selection. Those cor-
responded to residues 288, 289, 405, 422, 423, 481, 490, 492,
582, 594, 602, 603, and 622 of the C. perfringens sialidase
(UniProtKB entry Q59310 [29]). They were all located on the
predicted exterior surface of the protein, with the majority in
regions of polar or cationic residues, and were excluded topo-
logically from the catalytic sites or the sialic acid substrate
binding groove (Fig. 2). The other 9 residues of the M. synoviae
sialidase with an w confidence interval lower bound of >1 were
in unaligned regions of the catalytic domain or outside of the
domain. In contrast, the catalytic sites and substrate binding
groove were all populated with residues with low o values.
Trimming the unaligned regions had no effect on the mapped
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FIG. 1. K /K, ratios of sialidase and the N-acetylneuraminate catabolism pathway. The K, /K| ratios (w) from the M8 model are ordered from
left to right along the x axis for each codon from the N terminus to the C terminus of sialidase (A) and enzymes constituting the N-
acetylneuraminate catabolism pathway (B). An w value of ~1 implies no strong selection of any type; o of <1 indicates stabilizing selection, while
an o of >1 indicates diversifying selection. The M. gallisepticum genome encodes sialidase but not the N-acetylneuraminate catabolism pathway.

locations of the residues inferred to be under diversifying or
stabilizing selection.

DISCUSSION

Sialidase is a well-known bacterial virulence factor (9, 43)
that was formerly considered to occur only rarely among my-
coplasmas. Since the discovery of a sialidase gene in M. syno-
viae (42), we have explored the genetic basis for quantitative

variation in sialidase-specific activity among strains and the
observed trend for sialidase activity to correlate with M. syno-
viae strain virulence. Marked heterogeneity in the form of
single-nucleotide polymorphisms exists within the locus of six
contiguous M. synoviae genes associated with sialic acid scav-
enging and catabolism, particularly in the sialidase gene itself
(25, 26). In the present study, we analyzed the polymorphisms
in detail by estimating w values globally for each of those
enzymes and then for each amino acid residue to interpret the
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FIG. 2. Topological projection of the M. synoviae sialidase catalytic
domain. The primary amino acid sequences for M. synoviae sialidase
were aligned with the orthologous C. perfringens sialidase catalytic
domain and then projected onto the known three-dimensional struc-
ture of the domain. The K,/K; (w) value for each aligned M. synoviae
residue is color coded on a seven-step scale from violet (<<1) to
orange (o confidence interval lower bound of >1). A cocrystallized
sialic acid molecule is shown in red, gray, and blue (center); cocrystal-
lized glycerol molecules are also shown (left). (A) The residues of M.
synoviae sialidase under significant diversifying selection (orange-col-
ored van der Waals surfaces) map to regions of polar or cationic
residues on the exterior of the protein, while those under stabilizing
selection (violet-colored van der Waals surfaces) populate the catalytic
sites and substrate binding groove. (B) Residues under diversifying
selection (orange-colored van der Waals surfaces) are excluded from
the catalytic sites and substrate binding groove. The second Asp box
motif is obscured in this view. Cocrystallized calcium ions are shown

(green).

forms of natural selection acting at this locus. Because the time
since sequence divergence among strains of M. synoviae is
presumably shorter than the evolutionary time since the diver-
gence of M. synoviae from an ancestor shared with M. gallisep-
ticum or other Firmicutes, the polymorphisms reflect variation
segregating within the population of conspecifics, but not fixed
substitutions (20). The most deleterious changes are expected
to be eliminated rapidly from the population of M. synoviae
strains, but less-radical mutations may persist longer because
selection is not instantaneous (36).
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Global w values for bacterial genes under weak to moderate
stabilizing selection, whose corresponding proteins are subject
to functional constraints such that nonsynonymous mutations
are purged from a population, generally fall within the range of
0.04 to 0.2 (36). As expected for most enzymes, analysis using
even the MEC model (10) indicated that the genes nanA,
nagC, nanE, nagA, and nagB encoding the intracellular path-
way for N-acetylneuraminate catabolism by M. synoviae expe-
rience this form of selection. This was supported by likelihood
ratio tests using the M8 model, which weights all amino acid
substitutions equally and is therefore less nuanced but globally
more stringent (45). Examples such as nagC of M. synoviae and
nagB of S. pneumoniae (Fig. 1) illustrate the need to interpret
global w values in the context of a null model especially when
comparing sequences that have atypical baselines; for nagC of
M. synoviae the baseline o value in the M8a model was ap-
proximately 0.35. The unexpectedly high baseline for nagC of
M. synoviae in both models may reflect its coding on the op-
posite strand from nanA, nanE, nagA, and nagB in the locus.
There was no basis on which to suspect the theoretical alter-
native that extremely high selection coefficients promoting
polymorphism in each of the enzymes in the pathway contrib-
uted to the w values that are <1 (20).

Although earlier methodology was limited to global infer-
ences, evidence of diversifying selection has been observed in
viral, bacterial, protozoal, plant, and animal genes (5, 13, 18,
30, 37). Well-characterized examples of genes under diversify-
ing selection include those encoding antigenic surface proteins
(1, 41) and certain components of the adaptive immune system
(14, 40). The highly significant likelihood ratio test of the M8
model for sialidase of M. synoviae, and its high proportion of
individual residues with an w confidence interval lower bound
of >1, provided strong evidence that diversifying selection acts
on the enzyme (6). Although some of the conserved (Ser, Gly,
Thr) and all of the variable (X) residues in the Asp box motif
Ser/Thr-X-Asp-X-Gly-X-Thr-Trp/Phe might tolerate minor
codon variation, those sites were consistently invariant in the
otherwise polymorphic protein. This was also expected, be-
cause Chien et al. (8) showed that the conserved motifs are
critically important in maintaining the activity of the enzyme,
but stabilizing selection can occur in some regions of a protein
while diversifying selection operates in others (47). Projection
onto the crystal structure of the C. perfringens sialidase catalytic
domain showed that the selected residues with an o of >>1
mapped to the outer surface of the protein and were topolog-
ically distant from the conserved functional motifs. Thus, the
more subtle differences in the topology of the enzyme that the
diversifying mutations induce may be the basis for quantitative
variation in sialidase activity of the magnitude observed among
strains of M. synoviae, even while the core catalytic sites of the
enzyme simultaneously experience strong stabilizing selection.
These findings lead to the conclusion that the species M. sy-
noviae is at its fittest when moderate diversity in specific siali-
dase activity is perpetuated among its strains.

Sialidase is believed to be a true homolog that was horizon-
tally transferred between M. synoviae and M. gallisepticum,
possibly during mixed infection of a common avian host (25,
42). Like the VIhA hemagglutinins, it is an immunodominant
antigen during M. synoviae infection (3). If direct pressure to
evade host antisialidase antibodies were the primary selective
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force, then the same inference of diversifying selection would
be expected also for the sialidase homolog in M. gallisepticum.
The evidence of neutral to moderate stabilizing selection ob-
tained instead supports the conclusion that the sialidase in M.
gallisepticum experiences different selective pressures than
those most influential in the ecology of M. synoviae. Because ®
can increase due to changing selection pressure that results
from acquiring a new function (47), as would be possible fol-
lowing transfer into a different genomic context, the higher
global w obtained for the homolog in M. synoviae further cor-
roborates the hypothesis that the direction of horizontal trans-
fer was from M. gallisepticum to M. synoviae (25).

One directly relevant difference between the genomic con-
texts of the mycoplasmal sialidase homologs is the nutritive
N-acetylneuraminate catabolism pathway present in M. syno-
viae, which is absent from M. gallisepticum. Selection might be
predicted to favor sialidase variants that liberate the maximum
amount of free sialic acid catabolizable for glycolysis by M.
synoviae, but it is predicted to be neutral in this regard for M.
gallisepticum. 1f linkage to this pathway were a primary force
for variation, then the same inference of diversifying selection
also might be expected for the sialidase orthologs in other
Firmicutes that catabolize N-acetylneuraminate (24, 35). How-
ever, analyses of the orthologous sialidases in many strains of
both comparatively closely related C. perfringens and the dis-
tantly related S. pneumoniae showed no evidence of diversify-
ing selection in those genomic contexts, so the linkage seems
unlikely to constitute the dominant influence on sialidase in M.
synoviae.

Collectively, the findings lead to the conclusion that diversity
in specific sialidase activity in M. synoviae is perpetuated by a
nonnutritive function of the enzyme that is specific to the
genomic context of the organism. The best-understood candi-
date is its potential role in modulating adherence to sialylated
host cell surface receptors (25). If alleles of the primary M.
synoviae cytadhesin VIhA have different receptor binding avid-
ities, then the direct selection pressure of host anti-VIhA an-
tibodies that drives allele switching might also constitute indi-
rect pressure to perpetuate moderate variation in sialidase
activity. Strains with higher-affinity adhesins would be expected
to possess higher sialidase activity (44), resulting in the trend of
the correlation of sialidase activity with M. synoviae strain
virulence. Further study of the balance between variable siali-
dase activity and avidity of adherence to sialylated receptors
can be expected to provide insight into the ecology of M.
synoviae and illuminate key differences in the pathogeneses of
M. synoviae and M. gallisepticum.
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